Our recent studies with lactacystin, a prototype proteasome inhibitor, have suggested that the proteasome is a key regulator of LPS-induced signaling pathways contributing to the inflammatory process. Moreover, lactacystin protects animals from LPS-induced shock. Therefore, we sought to identify other less toxic compounds that would block the chymotrypsin-like activity of the proteasome or LPS-induced nitric oxide (NO). After screening over 100 natural compounds (based on chemistry and inhibition of LPS-induced biological activities), we now report for the first time that quercetin, like lactacystin (the prototype proteasome inhibitor), and mevinolin are also inhibitors of the chymotrypsin-like activity of the cellular proteasome within living cells. In addition, this study also suggests that mevinolin and quercetin both have relatively potent anti-inflammatory effects on LPS-treated macrophages in vitro. Interestingly, both of these compounds behave like lactacystin in that they block LPS-induced NO to a greater extent than TNF-α. The results of our experiments clearly suggest that mevinolin, in combination with the antibiotic imipenem, can provide protection against polymicrobial septic lethality induced by cecal-ligation and puncture in mice. Collectively, these studies strongly support the conclusion that therapeutic targeting of cellular proteasomes, in conjunction with standard antimicrobial therapy, may be of considerable survival benefit in the treatment of septic shock.
INTRODUCTION
An extensive array of lipid A molecules, the biological active component of bacterial lipopolysaccharide (LPS), as well as structurally related analogs, have been isolated and/or synthesized in an effort to identify molecules that would be non-toxic yet retain beneficial biological properties. Monophosphoryl lipid A (MPL) was among the first of several compounds to be discovered that are relatively non-toxic and whose structure is closely related to lipid A. Our laboratory purified and chemically characterized MPL using high-performance liquid chromatography and mass spectrometry, and the results from these provided the scientific foundation leading to the initial determination of the complete structure of lipid A. [1] [2] [3] [4] Later, the penta-acyl diphosphoryl lipid A derived from LPS of Rhodobacter sphaeroides (RsDPLA) was also purified and characterized in our laboratory. Monophosphoryl lipid A has been shown to function as an effective adjuvant for cancer vaccines and
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A combination of proteasome inhibitors and antibiotics prevents lethality in a septic shock model is likely to continue to be used in future vaccine formulations, 5 while RsDPLA has served as a critical investigational tool, primarily because of its ability to act as a effective non-toxic antagonist of LPS and agonist lipid A moieties in both human and murine cells. [6] [7] [8] [9] [10] A relatively large number of synthetic lipid A analogs based on the structure of RsDPLA were later developed, and some of these are currently being assessed in clinical trials. [11] [12] [13] A synthetic analog of RsDPLA is currently in Phase III trials, although preliminary efficacy trials failed to show broad efficacy.
Recently, we have demonstrated that LPS selectively binds to the subunits of the cellular proteasomes. Proteasomes exist as multisubunit complexes within the cell cytoplasm, consisting of a number of distinct, wellcharacterized, proteins; their primary function within the cell is to degrade, enzymatically, incorrectly folded proteins or those specifically tagged for degradation. 14 Based on those novel findings, we initiated a series of studies, the first of which were in vitro models, designed to assess the potential physiological relevance of these LPS:proteasome interactions. To do this, we pretreated the murine-like macrophage cell line, RAW 264.7, with the well-characterized proteasome inhibitor, lactacystin. When these cells were subsequently stimulated with LPS, we observed a dose-dependent inhibition of LPSinduced gene expression and cytokine secretion. 15, 16 The results of these studies strongly suggested an important potential regulatory role for the proteasome in LPSdependent signaling. 15, 16 In addition to its effect on LPS signaling pathways, lactacystin also blocked the expression of multiple key genes involved in CpG-and peptidoglycan-induced activation pathways. 17, 18 Since all of these agonists function by activating the Toll-like receptors (TLRs), 19 the net effect of proteasome activation, therefore, would appear to be a way of positively regulating TLR-mediated inflammatory responses. By analogy, proteasome inhibition would be predicted to suppress the inflammatory response; consequently, it should be possible to curtail the extent of the inflammatory response leading to Gram-negative septic shock, by inhibiting cellular proteasome activity specifically.
Although lactacystin is a well-known and widely used proteasome inhibitor, that inhibits LPS-dependent inflammatory responses in vitro, it is relatively toxic at low concentrations. Consequently, we initiated an investigation for alternative proteasome inhibitors/antiinflammatory compounds based on their structural relatedness to lactacystin. After screening a variety of different compounds, we have chosen two structurallyrelated β-lactones, mevinolin (closed ring form, lovastatin) and quercetin, for further investigation. Interestingly, mevinolin, but not quercetin, has been previously shown to be an inhibitor of the cellular proteasomal activity. 20 Therefore, we initiated a series of studies to evaluate the anti-inflammatory effects of these compounds in vitro. The results of these studies suggest that both mevinolin and quercetin have relatively potent anti-inflammatory effects on LPS-treated macrophages in vitro.
To assess the potential clinical significance of these proteasome inhibitors in vivo, we also carried out studies in a cecal ligation and puncture (CLP) model of polymicrobial sepsis and septic shock. The results of our experiments clearly suggest that mevinolin, in combination with the antibiotic imipenem, can provide protection against septic shock in a mouse CLP model. Collectively, these studies would strongly support the conclusion that therapeutic targeting of cellular proteasomes, in conjunction with standard antimicrobial therapy, may be of considerable survival benefit in the treatment of life-threatening, bacterial infection. Future studies, however, will be required before the full consequences of proteasome inhibitors will be completely understood.
MATERIALS AND METHODS

Reagents
Highly purified, deep rough chemotype LPS (Re LPS) from Escherichia coli D31m4 was prepared as described by Qureshi et al. 21 For tissue culture studies, Dulbecco's Modified Eagle Medium (DMEM), heat-inactivated low-endotoxin fetal bovine serum (FBS), and gentamicin were all purchased from Cambrex (Walkersville, MD, USA). Thioglycollate and mevinolin were purchased from Sigma-Aldrich (St Louis, MO, USA) and RNeasy mini kit from QIAGEN Sciences (Germantown, MD, USA). Lactacystin was purchased from Boston Biochem (Cambridge, MA, USA) and used as described previously. 15 'Pro-Glo' assays kits for the chymotrypsin-like activity of the proteasome were purchased from Promega (Madison, WI, USA). Quercetin was purchased from Sigma-Aldrich and analyzed by HPLC for purity.
Cell culture and maintenance
The mouse macrophage cell line, RAW 264.7 was maintained in DMEM supplemented with 10% heat inactivated FBS and 10 mg/ml gentamicin at 37°C in a humidified atmosphere with 5% CO 2 , as described previously. 15 Cells were cultured in 6-well plates as described in the captions to the figures. Primary, thioglycollate-elicited peritoneal macrophages were prepared from C57BL/6 mice as described previously. 18 
Detection of cell viability
Viability of thioglycollate-elicited peritoneal macrophages or RAW 264.7 cells treated with LPS and/or mevinolin and lactacystin was determined by a quantitative colorimetric assay with 3-(4,5)-dimethylthiozol-2,5-diphenyltetrazolium bromide (MTT) as described previously. 22 
Measurement of the chymotrypsin-like activity of the proteasome
White plates, 96-well (Fisher, 0877126) and 5 × 10 3 cells/100 µl in each well were used. After the addition of quercetin or mevinolin, the cells were incubated in the 37°C incubator with 5% CO 2 for 1 h. After the incubation period, the cells in the 96-well plates were incubated for 20 min at 20-22°C in air prior to the addition of the reagents. The Pro-Glo reagent for the chymotrypsin-like activity was brought to 20-22°C before addition to the wells. Pro-Glo reagent (100 µl) was added to each well for a total volume of 200 µl in each well. The plates were covered with a plate sealer and incubated at 20-22°C for 10 min. The relative luminescence units (RLU) of assays were read in the plate luminometer. Chymotrypsin-like activity assays were performed on whole cells, at ambient temperature, by measuring luminescence in a Promega luminometer, according to the manufacturer's directions. The total chymotrypsin-like activities of the cells were measured 1 h after treatment of macrophages with various concentrations of proteasome inhibitors.
Measurement of TNF-α and NO
The levels of TNF-α in cell culture supernatants were determined by Quantikine M ELISA kit (R&D System; Minneapolis, MN, USA) according to manufacturer's instructions. The lower limit of detection for TNF-α in this method is approximately 5.0 pg/ml. Nitric oxide in the supernatants was assayed using the Griess reagent (Sigma) as previously described.
Total cellular RNA isolation and real-time PCR
Real-time PCR was performed with total RNA isolated from the macrophages treated with mevinolin and/or LPS. Total cellular RNA was isolated with RNeasy mini kit according to the manufacturer's instructions. To quantify cytokine message, reverse transcription and PCR were conducted using a 1-step RT-PCR Kit (Qiagen) according to the manufacturer's instruction. The resulting cDNA was detected and quantified by realtime PCR using SybrGreen dye.
CLP model of septic shock
Female C57BL/6 mice (Charles River, 8-weeks-old, 19 or 20 per group) were anesthetized with ketamine (80 mg/kg) and xylazine (8.5 mg/kg), both injected i.p., and the abdomen opened through a sterile mid-line incision. The cecum was exposed and ligated at the base with care taken to avoid bowel obstruction, followed by a single puncture (all the way through) using a 23-G needle to obtain more quantitative data through better control of percentage mortality and kinetics of death. Cecal contents were gently expressed through the puncture wounds, and the incision closed using 6-0 synthetic sutures. The animals were resuscitated with a subcutaneous injection of saline (1.0 ml) postoperatively. Mice were maintained on a heating blanket during, and for 3 h after, surgery until recovery from the anesthesia. Identical operative and postoperative procedures were followed with the sham-CLP animals with the exception of the actual CLP procedure. Mice were administered inhibitors at 15 h and 1 h prior to CLP surgery i.p., and then administered Primaxin (0.2 mg/20 g mouse; a combination of imipenem, an antibiotic, and ciliastin, which prevents the breakdown of imipenem in the kidney) 8 h after CLP, and every 12 h thereafter, for up to 3 days.
RESULTS
Screening of small molecules for use as potential proteasome inhibitors
Mevinolin (lovastatin; Fig. 1 ) is most widely known as a cholesterol-lowering compound. The open ring form of mevinolin has been well-established to inhibit competitively β-hydroxy-β-methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme in the biosynthesis of cholesterol. The closed ring form of mevinolin, however, can function as a proteasome inhibitor. 20 Both lactacystin (the prototype proteasome inhibitor) and mevinolin are β-lactones. Therefore, we queried if other naturally occurring compounds with complex lactone structures would also manifest inhibitory activity at the proteasomal level. We screened 100 known drugs or natural compounds that would be predicted (based on their chemistry/structure) to function as inhibitors of proteasomal activity. The effect of these compounds on proteasomes was evaluated by determining their capacity to inhibit both the chymotrypsin-like proteolytic activity of the purified 20S proteasome from rabbit muscle, and LPS-induced NO in RAW 264.7 cells, in vitro. Based on the results of these assays, we identified quercetin (a quinolone and a flavonoid) to be a potently (K i < 10 µM) effective inhibitor.
Proteasome inhibitors differentially block LPS-induced gene expression of pro-inflammatory genes
The effect of mevinolin and quercetin on LPS-induced cytokine gene expression was assessed in vitro by realtime PCR using thioglycollate-induced peritoneal macrophages from C57BL/6 mice. Peritoneal macrophages were treated with medium (NA), LPS (1 ng/ml) alone; vehicle, VH (0.2% DMSO) + LPS, or proteasome inhibitors (either mevinolin or quercetin) + LPS for 4 h. The cells were then harvested and the RNA extracted. The RNA was reverse transcribed and the resulting cDNA was amplified and analyzed by real-time PCR using SybrGreen dye. The panel of genes selected for evaluation in this study included TNF-α, IL-1β, and iNOS. Lipopolysaccharide-induced activation of the IL-1β, iNOS and TNF-α gene expression were all inhibited by mevinolin and quercetin, though the TNF-α gene was inhibited to a much lesser extent than IL-1β and iNOS ( Fig. 2 ). Mevinolin at a 10 µM concentration blocked LPS-induced TNF-α and IL-1β gene expression by only 20%, whereas, it blocked iNOS by 65%. However, mevinolin (20 µM) blocked TNF-α gene expression by 20% and blocked both IL-1 and iNOS by 65%. Quercetin (8 µM), on the other hand, inhibited TNF-α mRNA by 25%, and IL-1 and iNOS mRNA by 80% and 90%, respectively. These results are similar to those achieved previously with lactacystin, which also demonstrates a greater capacity to inhibit iNOS than TNF-α gene expression. 17 
Lactacystin, mevinolin and quercetin differentially affect macrophage cell death
Although lactacystin is well-recognized as an effective anti-inflammatory compound, it is relatively cytotoxic to cells because it inhibits proteasomes irreversibly. To assess the differential effects of lactacystin and mevinolin versus quercetin on cellular toxicity, cells of the murine macrophage cell line, RAW 264.7, as well with the peritoneal macrophages of the C57BL/6 mice, were exposed to various concentrations of compounds and cell death monitored at different time points using the MTT assay (Tables 1 and 2 ). In the RAW 264.7 cells, we found that none of these compounds induced significant cell death with up to 4-6 h of exposure. After 24 h, cell death was evident with lactacystin and mevinolin, whereas, with quercetin, all of cells remained viable 24 h after exposure, even up to concentrations of 50 µM. In the C57BL/6 macrophages, at 8 h of exposure to the compounds, all cells remained viable except for lactacystin at concentrations greater than 5 µM. After 24 h, cell death is evident with lactacystin but only at 80 µM with mevinolin.
Proteasome inhibitors preferentially block LPS-induced NO and, to a lesser extent, TNF-α
We compared the ability of lactacystin, quercetin, and mevinolin to inhibit production of TNF-α and NO in LPS-treated, RAW 264.7 cells (Fig. 3A,B) , as well as in peritoneal macrophages from C57BL/6 mice (Fig. 3C,D) .
In previous experiments with lactacystin, we had documented that it is a potent inhibitor of NO production, and that it also inhibits TNF-α production by LPSstimulated macrophages, though to a lesser extent.
Importantly, we found that both mevinolin and quercetin were potent inhibitors of NO production by LPS stimulated murine macrophages, with levels of inhibition similar to that achieved with lactacystin ( Fig. 3A) . Although the concentrations of these compounds selected for testing do not have appreciable impact on cell viability within the time frame of these experiments (Table 1) , it is possible that some of the inhibition observed may be attributable to cell death, especially at higher concentrations of lactacystin and mevinolin (Table 1 ). It is extremely unlikely that any of the inhibitor effect of quercetin on NO production was attributable to cytotoxicity, as this compound did not cause cell death in RAW 264.7 cells even at the highest concentrations tested. Nitric oxide production in C57BL/6 peritoneal macrophages was tested as well ( Fig. 3C ). Once again, though it is more likely that some inhibition observed by mevinolin and lactacystin was due to cell death, the concentrations selected (Fig. 3C ) did not cause cytotoxicity to the cells ( Table 2 ). Similar to the RAW cells, quercetin did not induce cell death even at the highest concentrations tested. Quercetin and mevinolin also demonstrated the capacity to inhibit TNF-α production by LPS-stimulated RAW 264.7 cells and C57BL/6 peritoneal macrophages in a dose-dependent manner (Fig. 3B,D) . As with lactacystin, however, in inhibition of TNF-α production, the K i values ranged from 5 µM, > 40 µM and > 40 µM, for lactacystin, quercetin and mevinolin, respectively, whereas those for NO inhibition ranged from < 3.1 µM, < 8 µM, and < 3.1 µM, for lactacystin, quercetin and mevinolin, respectively in the RAW cells. In the C57BL/6 macrophages, K i values for NO inhibition ranged from < 1.25 µM, < 40 µM, and 40 µM for lactacystin, quercetin and mevinolin, respectively. Inhibition of TNF-α differed slightly in the C57BL/6 324 Reis, Tan, Yang et al. Supernatants were removed and assayed for TNF-α activity using an ELISA assay, as described in Materials and Methods. Standard error bars were so low that they did not show up on the figure. (B) RAW 264.7 cells were treated with medium containing DMSO, LPS (10 ng), and inhibitors plus LPS concurrently; in the presence of IFN-γ (IFN-γ, 50 U/ml) for 24 h. Nitric oxide in supernatants was analyzed using the Griess reagent system, as described in Materials and Methods. (C) C57BL/6 peritoneal macrophages were treated with medium containing DMSO (0.2%), LPS (10 ng), and inhibitors (1 h prior to LPS) plus LPS for 8 h. Supernatants were removed and assayed for TNF-α activity using an ELISA assay, as described in Materials and Methods. (D) C57BL/6 peritoneal macrophages were treated with medium containing DMSO, LPS (50 ng), and inhibitors plus LPS concurrently in the presence of IFN-γ (IFN-γ, 50 U/ml) for 24 h. Nitric oxide in supernatants was analyzed using the Griess reagent system, as described in Materials and Methods. All experiments were performed three times. cells compared to RAW 264.7 cells, where lactacystin is elevated at very low concentrations, quercetin does not show too much inhibition and the K i is 20 µM. These results suggest that all three of these proteasome inhibitors preferentially block LPS-induced NO production, while inhibition of TNF-α production is much less efficient.
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Lactacystin and quercetin selectively block cellular chymotrypsin-like activity of the proteasome
We studied the effect of lactacystin and quercetin on the chymotrypsin-like activity of the macrophage proteasome in vitro using a novel Pro-Glo assay kit. Commercially available kits for assaying the other proteasomal activities, such as trypsin-like and postglutamase are not available as yet. RAW 264.7 cells were treated without or with the inhibitors for 1 h, and the total chymotrypsin-like activity of the proteasomes measured. Pro-Glo reagent was added to each well. Briefly, LLVY-luciferin-linked peptides are avidly taken up (in specialized cell permeability buffers) and retained by cells; however, when acted upon by chymotrypsinlike activity of the proteasome, aminoluciferin is released from the cells and can be easily quantified using a luciferase-based assay (see Materials and Methods). The relative luminescence units (RLU) of assays were read in the plate luminometer. We found that, like lactacystin (Fig. 4A) , quercetin also inhibited chymotrypsin-like activity of the proteasome in this assay (Fig. 4B) . It is interesting to note that a major difference between these two compounds is that lactacystin is a much more potent inhibitor of chymotrypsin-like activity (K i 0.25 µM), as compared to quercetin (K i 4.5 µM). Mevinolin is known to inhibit the activity of the proteasome as well, although the exact mechanism is not understood. 20
Proteasome inhibitors and antibiotics block septic shock in a cecal-ligation and puncture (CLP) mouse model
Collectively, the data summarized above provide strong evidence that quercetin and mevinolin have the capacity to inhibit production of pro-inflammatory cytokines by LPS-stimulated macrophages. Therefore, we undertook a series of studies to determine the extent to which these compounds could protect against septic shock following CLP in vivo. Briefly, C57BL/6 mice were pretreated twice with mevinolin (4 µg/mouse, based on a preliminary dose response experiment) at 15 h and 1 h prior to CLP, and then administered imipenem (0.2 mg/mouse) 8 h after CLP, and every 12 h thereafter for up to 3 days. Mortality was monitored over this 3-day time period and it was found that overall mortality was considerably reduced in mevinolin-treated mice relative to untreated mice. Under the conditions of this experiment, CLP resulted in 95% 3-day mortality in untreated mice; this was reduced to 70% with mevinolin alone, 58% with Primaxin alone, and 35% with a combination of mevinolin and Primaxin (Fig. 5) .
Similarly, C57BL/6 mice were pretreated twice with quercetin (40 µg/mouse, based on a preliminary dose response experiment) at 15 h and 1.0 h prior to CLP surgery, and then administered Primaxin (0.2 mg/mouse) 8 h after CLP, and every 12 h thereafter for 3 days. We monitored mortality over this 4.5-day time period and found that overall mortality was also considerably reduced in quercetin-treated mice. The CLP procedure resulted in 83% 4.5-day mortality in untreated mice, and this was reduced to 67% with quercetin alone, 50% with Primaxin alone, and 17% with a combination of quercetin and Primaxin (data not presented). These results show, for the first time, that a combination of mevinolin or quercetin and antimicrobial therapy significantly reduces mortality, compared to antimicrobial Proteasomes regulate inflammation in macrophages 325 These results strongly support the potential for proteasome inhibitors to reduce mortality of septic shock when used in combination with appropriate antimicrobial therapy.
DISCUSSION
We have previously demonstrated that the LPS-induced activation of early genes in murine macrophages can be inhibited by low doses of the proteasome inhibitor, lactacystin. For those experiments, we pretreated, LPSresponsive C3HeB/FeJ primary peritoneal macrophages with lactacystin for 1 h, followed by stimulation with LPS, and analyzed RNA using Affymetrix micro-array analysis and RT-PCR with Southern blot analysis. The results of these micro-array analyses provided novel information indicating that approximately 90% of LPSinduced early genes in macrophages are lactacystinsensitive and are, therefore, at least potentially proteasome-dependent. 17 Our published results with lactacystin also demonstrate that this compound is able to prevent LPS-induced shock in galactosamine-sensitized mice. 15 Lactacystin, is known to block the chymotrypsin-like activity of the proteasome irreversibly at low concentrations in vitro and, therefore, can be toxic at physiological concentrations. However, lactacystin is a relatively expensive reagent. Therefore, we initiated a search for alternative proteasome inhibitors/anti-inflammatory compounds based on structural relatedness to lactacystin. Initially, we selected two lead compounds, mevinolin and quercetin, both of which are β-lactones. Mevinolin was previously reported to be an inhibitor of proteasomal activity, 20 but similar information was not available for quercetin. We determined the in vitro effects of mevinolin and quercetin, and have shown that both of these compounds are relatively potent inhibitors of pro-inflammatory responses by LPS-stimulated macrophages in vitro.
Results reported here demonstrate that these compounds, especially quercetin, may, in part, be biologically active at the proteasome level, since these compounds also block the chymotrypsin-like activity of the proteasome. Additionally, both quercetin and mevinolin are potent inhibitors of NO and IL-1β production by LPS-stimulated macrophages, with TNFα being inhibited to a lesser extent. These results are entirely consistent with our previously published results with lactacystin, 17 suggesting that proteasome inhibitors modulate production of NO more effectively than they inhibit TNF-α production.
These data are also consistent with more recent results which have also provided evidence that macrophages from mice with targeted mutations in proteasome genes exhibit differential LPS-induced inflammatory responses with respect to TNF-α and NO (Qureshi et al., submitted) . In those studies, we evaluated responses of macrophages derived from mice with targeted mutations in genes that encode for several of the proteasome subunits relative to macrophages from wild-type mice. We compared LPS-induced levels of TNF-α and NO in peritoneal macrophages obtained from those mice. We observed significantly reduced LPS-induced secretion of NO, while TNF-α levels in culture supernatants of LPSstimulated macrophages from the knockouts were essentially unchanged or even increased slightly with LMP7/MECL1 double (proteasome subunits) knockouts as compared to the controls. Collectively, these findings strongly support the concept that proteasomes are critically important for LPS-induced NO production.
Mevinolin is one of several statins, a group of cholesterol-lowering compounds that act by inhibiting HMG-CoA reductase, thus reducing production of mevalonate, a precursor for cholesterol biosynthesis. 23 Statins, however, have also been reported to have other effects, including anti-inflammatory properties, 24, 25 blockage of LPS-induced production of cytokines and 326 Reis, Tan, Yang et al. NO in different cell types, 26, 27 anti-thrombotic effects, 28, 29 improvement of endothelial and microvascular functions and modulation of eNOS, induction of apoptosis, [30] [31] [32] [33] suppression of lymphocyte functions, and inhibition of proteasome activity. 20 Cerivastatin, for example, has been shown to improve survival in LPS-induced shock model, 33 and simvastatin improves survival in the mouse CLP model, 34 although most of these mice died eventually. Thus, while inhibition of HMG-CoA reductase activity is clearly an important property of statins, other anti-inflammatory properties of these compounds might be equally important. We are currently trying to study the mechanisms by which statins exert their anti-inflammatory effects.
Quercetin, which is derived from a variety of plants and is sold as an ingestible health supplement, has been widely reported to have multiple beneficial properties on human health, including reduction in inflammation, allergies, cardiovascular disease, ulcers and gastroenteric disorders, cancer and diabetic complications. 35 Despite the many putative beneficial effects of this nutritional supplement, the mechanisms by which quercetin actually reduces inflammation and exerts other protective effects is currently unclear. 35 Structurally, quercetin is a flavonoid, consisting of three benzene rings with five hydroxyl groups attached to the two rings ( Fig. 1) . Several structural analogs of quercetin have been synthesized and tested, but quercetin is the most potent of these compounds.
Biologically, quercetin has been shown to inhibit several enzymes, such as MAPK in human epithelial carcinoma cells, 36 the phosphorylating activity of Rous sarcoma virus transforming gene product, 37 ATPutilizing enzymes in which quercetin competes for the ATP-binding site and GTP-dependent phosphorylation reaction, phospholipase A 2 , 38 platelet and sarcoplasmic-reticulum Ca 2+ -ATPase, 39 lipoxygenases and cyclooxygenases in human platelets, 40 and phospholipase C in rat mast cells. 41 In addition to these effects, quercetin also affects NO synthase activity of the three isoforms of the enzyme 42, 43 and TNF-α. 44 These biological effects of quercetin have been reviewed recently. 35 Quercetin is also a potent inhibitor of oxidative stress, NF-κB activation, and iNOS over-expression in livers of streptozotocininduced diabetic rats. 45 Finally, quercetin inhibits the phorbol-12,13-dibutyrate-induced cell aggregation/ adhesion of human mononuclear leukocytes. 46 These latter effects of quercetin have been attributed to inhibition of cellular ATPases.
We have now assessed the anti-inflammatory properties of mevinolin and quercetin and evaluated the potential clinical significance of these compounds as therapeutic modulators on the pathogenesis of septic shock. Based upon results of in vivo studies in a CLP model of polymicrobial sepsis and septic shock, our studies clearly suggest that both mevinolin and quercetin, in combination with the antibiotic imipenem, can prevent septic shock in a mouse CLP model. This is, to our knowledge, the first time that such a combination has been used in a sepsis model. However, since this therapeutic treatment involved pretreatment of mice with these compounds, it is clear that these compounds should also be tested concurrently with antibiotics and after CLP to identify the mechanisms by which these drugs operate in vivo; such experiments are currently in progress.
There is currently a relative paucity of non-antibiotic pharmaceutical agents (with the exception of activated protein C, which appears to be effective only in some patients) with demonstrated efficacy for preventing or treating septic shock in humans. It is now clear that LPS triggers a complex pro-and anti-inflammatory cytokine cascade and that a relatively large number of mediators are likely to be involved in the manifestations of septic shock syndrome. Thus, intervention at one point of the cascade is not likely to be therapeutically beneficial. In response to Gram-negative bacterial infections, vertebrate hosts generate an inflammatory response that is designed, at least in part, to eradicate the invading bacteria. However, LPS and other microbial products are frequently sufficiently abundant as to induce systemic inflammation, potentially progressing to septic shock and death. Septic shock and death can occur, therefore, even when effective antimicrobial therapy has been utilized to eliminate or suppress the infection, as LPS, and other microbial constituents released from decomposing bacteria continue to fuel the inflammatory response through their interactions with TLR4, TLR9 or other TLRs, on inflammatory cell types and on epithelial and endothelial cells.
Consequently, a novel treatment strategy that combines antimicrobials (to decrease bacterial multiplication) and proteasome inhibitors (to generally suppress inflammation) should, therefore, function to decrease the incidence of shock associated with both Gram-negative and Gram-positive bacterial infections. Based on our present data, low-dose proteasome inhibitors, in combination with antibiotics, probably lead to effective killing of bacteria, and also cause reductions in inflammatory mediators by blocking proteasomal activity, rather than antagonizing one cytokine at a time, as accomplished with other failed anti-cytokine approaches. High-dose corticosteroids have not been shown to be particularly effective, in all likelihood because they block almost all inflammatory responses of the host; in contrast, proteasome inhibitors appear to be far more selective. Additional studies will however, be required before the full potential therapeutic benefit of proteasome inhibitors can be completely understood and evaluated.
